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 Biological nitrogen fi xation (BNF) is a key process, but despite the economic and environmental importance, few studies about 
quantitative trait loci (QTL) controlling BNF traits are available, even in the economically important crop soybean  Glycine max (L.) 
Merr. In this study, a population of 157 F 2:7 RILs derived from crossing soybean cultivars Bossier (high BNF capacity) and Embrapa 
20 (medium BNF capacity) was genotyped with 105 simple sequence repeat markers (SSRs). The genetic map obtained has 1231.2 
cM and covers about 50% of the genome, with an average interval of 18.1 cM. Three traits, nodule number (NN), the ratio nodule 
dry weight (NDW)/NN and shoot dry weight (SDW) were used to evaluate BNF performance. A composite interval mapping for 
multiple traits method (mCIM) analysis mapped two QTLs for SDW (LGs E and L), three for NN (LGs B1, E and I), and one for 
NDW/NN (LG I); all QTLs were of small effect (R 2 -values ranging from 1.7% to 10.0%) and explained 15.4%, 13.8% and 6.5% of 
total variation for these three traits, respectively. 
 Mariangela Hungria ,  Embrapa Soja ,  Cx. Postal 231 ,  86001-970 ,  Londrina ,  Paran á ,  Brazil. E-mail: mariangela.hungria@embrapa.br 
 Nitrogen (N), the element most limiting for crop growth, 
is usually supplied by application of fertilizer, but at sub-
stantial costs to farmers and with potentially adverse 
effects on the environment. Soybean  Glycine max (L.) 
Merr., among other legumes, can obtain N through bio-
logical nitrogen fi xation (BNF), and breeding for yield 
improvement can be performed considering BNF, inor-
ganic-N supply, or both ( COALE et  al. 1985;  KUMUDINI et  al. 
2008). The BNF results from the symbiosis between 
legumes with a diverse group of nitrogen fi xing soil bacte-
ria collectively known as rhizobia. This association is 
mutually benefi cial: while bacteria provide a source of 
nitrogen to plant development, plants provide carbon 
sources for maintaining bacteria metabolism. 
 The establishment of the symbioses involves complex 
mechanisms starting with the mutual exchange of diffus-
ible signal molecules. Plants secrete seed and root mole-
cules  – mainly fl avonoids  – that are sensed by specifi c 
rhizobia. In response, the rhizobia produce lipochitooli-
gosaccharides namely Nod factors (NFs) that are recog-
nized by LysM receptor-like kinase of the legumes. A 
new organ  – the nodule  – is then formed on the root and 
hosts the nitrogen fi xing bacteria ( SUBRAMANIAN et  al. 
2006;  KOUCHI et  al. 2010). 
 The elicitation and the development of an effective 
nodule are accompanied by the expression of specifi c 
genes in both rhizobia and their host-plants. The genetic 
mechanisms of the bacteria are best understood and sev-
eral rhizobial genes called  nod ,  nol and  noe have been 
described ( MASSON-BOIVIN et  al. 2009). On the other side, 
studies with the host-plants are more complex, due to bio-
logical characteristics and genome sizes. More recently, 
the integration of genetic and genomic approaches and the 
adoption of legume models with  Medicago truncatula 
and  Lotus japonicum opened a framework to the investi-
gation of host genes essential for the BNF process. 
Twenty-six genes involved with Nod perception and dif-
ferent steps of nodule formation were characterized 
based on mutants, cloning and mapping strategies 
( KOUCHI et  al. 2010). Furthermore, dozens of genes 
involved in nodule formation and in the BNF process 
called nodulin genes have been prospected by high 
throughput tools, such as expressed sequence tags and 
microarray analysis ( BRECHENMACHER et  al. 2008;  LIBAULT 
et  al. 2010). 
 In soybean, several loci controlling nodulation have 
been described since the 1950s.  WILLIAMS and  LYNCH 
(1954) reported the recessive gene  rj 1 in a spontaneous 
non-nodulating mutant. Genes  Rj 2 ( CALDWELL 1966),  Rj 3 
( VEST 1970) and  Rj 4 ( VEST and  CALDWELL 1972) have 
natural occurrence and control strain specifi c restricted 
nodulation. In addition, genes  rj 5 and  rj 6 ( HARPER and 
 NICKELL 1995)  – conferring non-nodulation ability  – 
have been identifi ed by chemical induced mutation and 
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correspond to the same loci of the  rj 1 . Supernodulating 
mutants ( rj 7 and  rj 8 ) have also been generated by chemical 
mutagenesis ( VUONG et  al. 1996). 
 Some of these genes controlling nodulation in soybean 
have been cloned and their products have been described. 
The fi rst gene related to nodulation control in soybean 
was cloned by  SEARLE et  al. (2003) using the  rj 7  and 
 rj 8  supernodulating mutants. By similar approaches the 
Nod factor receptor genes called NFR1 α and NFR1 β 
( INDRASUMUNAR et  al. 2011) and NFR5 α and NFR5 β 
( INDRASUMUNAR et  al. 2010) were cloned. Similar genes 
were fi rst identifi ed by mutant directed cloning in 
Medicago truncatula ( AMOR et  al. 2003;  LIMPENS 
et  al. 2003),  L. japonicus ( MADSEN et  al. 2003;  RADUTOIU 
et  al. 2003) and pea ( Pisum sativum ) ( ZHUKOV 
et  al. 2008). 
 These discoveries provide important clues to under-
stand the molecular mechanisms of host regulation of the 
symbiosis. However, more information with fi eld orienta-
tion is necessary to access the potential of breeding for 
BNF. The occurrence of natural variability on nodulation 
and effi ciency of BNF in soybean have been reported 
( NEUHAUSEN et  al. 1988;  SINCLAIR et  al. 1991;  PAZDERNIK 
et  al. 1997;  BOHRER and  HUNGRIA 1998;  HUNGRIA and 
 BOHRER 2000). However, due to technical diffi culties in 
evaluating phenotypic traits (nodulation and nitrogen 
fi xation rates), the mechanisms and genetic control of 
these traits are poorly understood. Therefore, studies of 
genetic architecture of nodulation and nitrogen fi xation 
are still required. An interesting and informative way to 
dissect the genetic architecture is to map quantitative trait 
loci (QTL). This approach has been broadly used in soy-
bean to identify traits of interest, such as yield potential, 
disease resistance, contents of protein and oil in seeds 
( SOYBASE 2012). 
 Preliminary studies about genomic regions controlling 
BNF in soybean have been performed ( TANYA et  al. 2005; 
 NICOL Á S et  al. 2006;  SANTOS et  al. 2006). There is also 
information about other legumes, such as pea ( BOURION 
et  al. 2010) and common bean ( Phaseolus vulgaris L.) 
( NODARI et  al. 1993;  TSAI et  al. 1998). These studies have 
demonstrated the potential of mapping QTL for BNF 
traits, but additional information is still required to 
improve the existent knowledge. 
 The objective of this study was to improve the genome 
cover reported by  SANTOS et  al. (2006) in this same 
population; these authors used 24 simple sequence repeat 
markers (SSRs) to identify QTLs related to BNF and 
covered a small percentage (5%) of the genome. Now we 
have analyzed 432 SSRs, from which we selected 105 
SSRs; the method of composite interval mapping for 
multiple traits (mCIM) was employed, altogether result-
ing in 50% coverage of the genome. 
 MATERIAL AND METHODS 
 Plant materials and biological nitrogen fi xation traits 
 A population of 157 F 2:7 inbred lines derived from a cross 
between Bossier (high BNF capacity) and Embrapa 20 
(medium BNF capacity), developed by  NICOL Á S 
et  al. (2002), was used and the experimental design and 
phenotypic evaluations were as described before ( SANTOS 
et  al. 2006). In brief, plants were grown in pots containing 
4 kg of non-sterile soil and sand, with one plant per pot 
under greenhouse conditions, and the experiment was 
performed in a completely randomized design with eight 
replications (one plant per replication). The plants were 
inoculated at the V2 stage of development ( FEHR et  al. 
1971), by adding 1 ml of inoculum containing two 
strains,  Bradyrhizobium japonicum SEMIA 5079 
(    CPAC 15 and belonging to the same serogroup 
as SEMIA 566 and USDA 123) and  Bradyrhizobium 
elkanii SEMIA 587 (1:1, v/v). Six weeks after emergence 
plants were harvested for evaluation of nodulation 
(nodule number, NN; nodule dry weight, NDW, NDW/
NN ratio) and plant growth (shoot dry weight, SDW). 
Phenotypic correlations for combinations of traits were 
estimated using the CORR procedure of SAS STAT 9.1, 
while genetic correlations were estimated according to 
 FALCONER and  MACKAY (1996). 
 Genotyping and construction of a genetic linkage map 
 Leaf tissue DNA extraction and genotyping methods 
have been reported by  SANTOS et  al. (2006). A total of 
432 simple sequence repeat (SSR) markers covering the 
20 chromosomes of soybean genome were screened 
against the parents. The population was genotyped with 
105 SSRs. To analyze the linkages between markers and to 
create a genetic map, the program Mapmaker/EXP ver. 
3.0 was used ( LANDER et  al. 1987). Microsatellite markers 
were initially grouped using the default parameters that 
included the Kosambi ’ s function, the linkage LOD score 
greater than 3.0 and a maximum genetic distance of 
37.2 cM. The commands  “ group ” ,  “ compare ” and  “ map ” 
were used for building the linkage groups. All non-
anchored markers were added by using the  “ try ” 
multipoint analysis command, and the results were checked 
by the  “ ripple ” command with a window size of 5. 
Linkage groups were named using the designation of the 
consensus map ( CREGAN et  al. 1999;  SONG et  al. 2004). 
 QTL mapping of biological nitrogen fi xation 
 To map QTL controlling BNF, we used the multiple-trait 
composite interval mapping (mCIM) proposed by  JIANG 
and  ZENG (1995), that considers all traits simultaneously. 
The hypothesis tested was that an interval fl anked by two 
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between traits (pleiotropy or linkage); in our study, pleiot-
ropy was assumed if the map position for two marginal 
QTLs were equal or smaller than 3 cM. 
 RESULTS 
 Phenotypic analysis 
 SANTOS et  al. (2006) reported signifi cant variance among 
nodulation traits (NDW, NN, NDW/NN) and plant 
growth (SDW) means, indicating genetic variability of the 
RILs population. As expected  (SOUZA et  al. 2008), high 
values of coeffi cient of variation (   25.6) and medium 
to low values of broad-sense heritabilities (0.49 for SDW, 
0.33 for NDW, 0.33 for NN and 0.27 for NDW/NN) were 
observed in the dataset. We estimated positive and high 
genetic and phenotypic correlations for the traits NDW 
and SDW (r G    0.83 and r P    0.66), and for NDW and NN 
(r G    0.65 and r P    0.64); medium for SDW and NN 
(r G    0.51 and r P    0.43); and low for SDW and NDW/NN 
(r G    0.26 and r P    0.24), NDW and NDW/NN (r G   
0.23 and r P    0.33). Negative correlations were verifi ed 
between NN and NDW/NN (r G     0.60 and r P     0.40). 
 Polymorphism and genetic mapping 
 A total of 432 SSR markers were used to detect polymor-
phisms between the two parental genotypes and 105 
polymorphic markers were used to genotype the popula-
tion of RILs. From these, 97 SSR markers were mapped 
in 20 LGs encompassing about 1231.2 cM with a mean 
distance of 18.1 cM between markers, representing a 
coverage of about 50% of the genome if we consider 
a consensus linkage of 2536 cM ( SONG et  al. 2004). 
Gaps of more than 30 cM between linked markers 
were detected in the LGs F, G, L, M and O (Fig. 1). The 
remaining eight markers (Satt421, Satt396, Satt180, 
Satt184, Satt395, Satt356, Sat_044 and Sat_020) were 
not linked to any group. In general, the order and relative 
distances of the SSR markers within LGs were similar to 
the information obtained in the public soybean genetic 
map ( CREGAN et  al. 1999;  SONG et  al. 2004). An excep-
tion was observed for the SSR marker GmEKN, located 
within a hypothetical nodulin gene and mapped in LG 
A2 by  JEONG et  al. (2006), while in our study it 
was mapped on LG D1b (LOD    10). On average, fi ve 
markers were mapped per LG, ranging from two on 
LGs C1, D1a, D2, G and K to eight on LG A1 and B1. 
 QTL mapping of BNF traits 
 As explained before, three traits were used in this analysis 
to avoid redundancy, NN, NDW/NN and SDW. Four 
genomic regions were signifi cantly associated with BNF 
traits, mapped on LGs B1, E, L and I. Two QTLs ( nn1-B1 
adjacent markers contains a pleiotropic QTL controlling 
at least one BNF trait. The likelihood-ratio statistical 
test (LR) is estimated by   2ln( L 0 / L 1 ), where L 0 is the 
maximum likelihood under the null hypothesis that 
a 1    a 2    … a i    0, where a i is the additive effect of 
the QTL for trait i, and  L 1 is the maximum likelihood 
under the alternative hypothesis that at least one  a i  ≠  0. In 
other words, this is a test for the presence of a pleiotropic 
QTL controlling one or more traits in one determined 
interval. The mapping analysis was performed using 
the module  JZmapqtl of the program QTL Cartographer 
ver. 1.17 ( BASTEN et  al. 2003). Model 6 was adopted and a 
limited number of background markers (BG) for the 
mCIM analysis was identifi ed via the forward/backward 
stepwise regression option using conservative probability 
thresholds (P in    0.05; P out    0.05). Genome scan was 
performed using a window size of 5 cM and a walk speed 
of 1 cM. 
 The threshold for signifi cance of QTL detection was 
adjusted for the number of independent tests in the 
genome scan, following what has been suggested by  ZENG 
(1994),  JIANG and  ZENG (1995) and  VIEIRA et  al. (2000). 
Due to the properties of the multiple regression model 
used for mCIM, the effective number of independent tests 
depends on the size of the genome region at each side 
of the test interval in which marker cofactors are not 
fi tted (window size). We used a window size of 37.5 cM 
(recombination fraction of 0.50 considering Kosambi ’ s 
map function) as independent. The number of indepen-
dent tests was then estimated by  Σ 
i
 [(T i /28.11)   1], where 
 T i is the total estimated map length in cM of the  i th 
linkage group, excluding gaps greater than 37.5 cM. 
Consequently, for our data, there are 27.67 independent 
tests in total. Thus, a type I error rate of  α    0.05/27.67 
was used in the joint mapping analysis, corresponding 
to a  χ 2 -value of 17.52 (fi ve degrees of freedom, one for 
the additive effect of each trait plus one for estimating 
QTL position), equivalent to an LOD score of 3.80. Since 
for marginal analysis of each trait statistical tests are 
applied only in positions with putative QTL identifi ed by 
the pleiotropic model, a type I error of  α    0.05 (LOD 
score of 0.83) could be used ( JIANG and  ZENG 1995;  VIEIRA 
et  al. 2000). 
 The proportion of the variance (R 2 ) explained by each 
particular QTL and the additive (a) effects were obtained 
from the mCIM analysis. The total phenotypic variance 
explained by two or more QTLs simultaneously for a 
given trait was determined by adjusting a model with all 
QTLs using a Windows version of QTLCartographer 
( WANG et  al. 2005). Regarding the signals of additive 
effects,  “  ” indicates increasing allele from the Bossier 
cultivar;  “  ” , indicates decreasing allele from Embrapa 20. 
The use of mCIM for mapping QTLs for correlated traits 
is also important for evaluating the cause of correlation 
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reached the empirical LOD score threshold. The additive 
effects of these QTLs were of 0.57 g plant 1 for SDW 
and of   13.8 nodules plant 1 for NN, and explained 
10.0% and 7.8% of individual phenotypic variance, 
respectively, corresponding to the highest values explained 
by the mapped QTLs in this study. 
 In summary, in this study we have mapped two QTLs 
for SDW (LGs E and L), three for NN (LGs B1, E and I), 
and one for NDW/NN (LG I). All QTLs were of small 
effect (R 2 -values ranging from 1.7% to 10.0%) and 
explained 15.4%, 13.8% and 6.5% of total variation for 
these three traits, respectively, from the adjusted model 
with all QTLs. 
 DISCUSSION 
 The role of BNF in world crop production has been 
emphasized for several decades. In Brazil, estimates are 
of an economy of about US $ 7 billion per season only 
with the soybean crop. Furthermore, the environment is 
benefi ted by the lower pollution of water reservoirs, and 
by the reduction of the emission of gases with greenhouse 
effects ( HUNGRIA et  al. 2007). However, as pointed out by 
 GRAHAM and  VANCE (2000), there are several areas where 
scientists need to concentrate efforts to ensure BNF ben-
efi ts, including environmental conditions (soil degradation, 
and sdw2-L ) were mapped with the LOD score threshold 
(LOD    3.80) and two QTLs ( bnf3-E and  bnf4-I ) 
were mapped with a LOD score slightly smaller than the 
threshold (LOD    3.60), considered as probable QTLs. 
From these, two regions located on LGs E and I were 
associated with more than one trait, while the regions 
located on LGs B1 and L were signifi cant only for 
one trait (Table 1, Fig. 2). The QTLs mapped jointly were 
named  bnf3-E and  bnf4-I . The QTL  bnf3-E located in 
the interval Satt573-Satt185 was signifi cant for SDW and 
NN traits. The estimated additive effects of alleles were 
  0.29 g plant 1 for SDW and   10.23 nodules plant 1 for 
NN and explained 5.4% and 4.3% of the individual 
 phenotypic variance (R 2 ), respectively. The QTL  bnf4-I 
located in the interval Satt587-Satt354, was signifi cant for 
NN and NDW/NN. The estimated additive effects of 
alleles were 8.92 nodules plant 1 and   0.21 mg nodule 1 
and explained 1.7% and 6.5% of the individual phenotypic 
variance. The correlation for BNF traits observed in QTLs 
 bnf3-E and  bnf4-I in this work was due to genetic linkage 
(Table 1). 
 Two specifi c QTLs controlling SDW were mapped on 
LGs E and L, and three QTLs controlling nodulation traits 
(NN, NDW/NN) were mapped on LG B1, E and I 
(Table 1). With LOD scores of 4.20 and 3.80, respectively, 
the QTLs  sdw2-L and  nn1-B1 were the only ones that 
 Table 1.  A summary of QTLs controlling multiple traits for biological nitrogen fi xation (BNF) in a population of 157  F 2:7 
recombinant inbreed lines (RILs) of soybean, derived from Bossier   Embrapa-20 parents. The traits related to BNF 
are: nodule number (NN, no. plan t 1 ), nodule dry weight ratio (NDW/NN, mg no . 1 ), and plant growth: shoot dry weight 
(SDW, g plant 1 ). 
LG/QTL Interval Analysis Position (cM) LOD Effect a R 2 % Linkage vs pleiotropy
B1/ nn1-B1 Satt509-Satt251 jointly 23.28 3.80
SDW 38.12 0.26  – 0.13 0.2
NN 23.28 3.00 ∗  – 13.8 7.8
NDW/NN 23.28 0.74 0.09 2.8
E/ bnf3-E Satt573-Satt185 jointly 8.01 3.60
SDW 9.01 1.30 ∗  – 0.29 5.4 genetic linkage between
NN 4.01 1.50 ∗  – 10.23 4.3 SDW and NN
NDW/NN 0.01 0.40 0.07 0.3
L/ sdw2-L Satt232-Satt418 jointly 18.00 4.20
SDW 20.00 2.86 ∗ 0.57 10.0
NN 9.00 0.02  – 1.20 0.2
NDW/NN 24.00 0.25 0.09 0.5
I/ bnf4-I Satt587-Satt354 jointly 14.23 3.60  
SDW 14.23 0.40  – 0.16 2.0
NN 9.12 1.28 ∗ 8.92 1.7 genetic linkage between
NDW/NN 13.12 2.50 ∗  – 0.21 6.5 NN and NDW/NN
  ∗  traits signifi cantly mapped. 
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 Fig. 2. QTL mapped obtained using multiple-trait composite interval mapping (mCIM) involving four biological nitrogen fi xation 
traits (nodule dry weight, NDW; nodule number, NN; nodule dry weight ratio, NDW/NN; and shoot dry weight, SDW) in a population 
of 157 recombinant inbred lines (RILs) of soybean. The blue triangles indicate the position of markers on the linkage groups; putative 
QTL mapped under the pleiotropic model (blue lines) are indicated by yellow triangles. Marginal analysis for each trait is represented 
by different colors on the fi gure. 
soil acidifi cation and salinization, phosphorus supply and 
crop rotation), strain and inoculant improvement, and 
plant breeding. 
 The importance of plant breeding in increasing 
global BNF has been highlighted a long time ago ( LARUE 
1978), and since then, our understanding of the molecu-
lar mechanisms involved in the interaction between 
legumes and rhizobia has greatly improved ( KOUCHI 
et  al. 2010). However, few progresses have been achieved 
towards establishing a procedure for assessment of 
BNF by breeding programs, that should include simple, 
rapid and non-destructive fi eld-based techniques 
( LARUE 1978;  GRAHAM and  VANCE 2000). Nowadays, the 
molecular assisted selection is an outstanding alternative 
for this proposal. 
 We present here an effort to identify molecular 
markers associated with BNF traits. In agreement with 
the complex nature of BNF, the mapped QTLs explained 
a small proportion of the total phenotypic variation 
effect. In soybean, phenotypic evaluations showing 
considerable variation under different environmental 
conditions were reported by  CREGAN and  KEYSER (1986), 
 BETTS and  HERRIDGE (1987),  BOHRER and  HUNGRIA 
(1998) and  HUNGRIA and  BOHRER (2000). Furthermore, 
the proportion of the genetic/environment contribution 
to the phenotype within experimental populations is 
highly infl uenced by environmental conditions ( RONIS 
et  al. 1985;  PAZDERNIK et  al. 1996;  NICOL Á S et  al. 2002; 
 SANTOS et  al. 2006). In addition, the nature of the 
BNF parameter is also distinct and quite variable, and 
coeffi cients of variation larger than 35% are often 
reported ( BOHRER and  HUNGRIA 1998;  HUNGRIA and 
 BOHRER 2000;  SOUZA et  al. 2008). 
 From the four regions controlling BNF identifi ed in 
this study, two (LGs B1 and L) have been previously 
reported by  NICOL Á S et  al. (2006), confi rming the asso-
ciation of these regions with BNF traits. Furthermore, two 
new QTLs were mapped (LGs E and I) as a result of a 
greater coverage of the genome. On the other hand, some 
QTLs mapped on D1b, H and B2 ( NICOL Á S et  al. 2006; 
 SANTOS et  al. 2006), and on A1, D1b, J, I and O ( TANYA 
et  al. 2005) were not identifi ed in our study. We attributed 
this to the fact that these studies used a single marker 
approach (regression analysis), that could result in false 
positives, since cofactors were not included in the model. 
Additionally, it is likely that QTLs are highly dependent 
on specifi c environments, or that they do not always 
segregate in the mapping population. 
 The method of QTL mapping using a composite 
interval mapping for multiple traits method (mCIM) 
takes into account correlations among traits. This joint 
analysis improves the statistical power of the tests, the 
precision of parameter estimation, and allows inference of 
the genetic causes (genetic linkage or pleiotropy) of the 
occurrence of coincident QTLs ( JIANG and  ZENG 1995). 
We identifi ed two coincident regions controlling more 
than one trait of BNF (LGs E and I). Genetic linkage was 
the cause of coincident QTLs, SDW and NN on LG E, and 
NN and NDW/NN on LG I (Table 1). In the case of linked 
QTLs, a selection based on molecular markers could 
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 Conclusions 
 Nitrogen fi xation is, undoubtedly, an important compo-
nent of sustainable agricultural systems and is specifi cally 
important for soybean, which accumulates high amounts 
of N. However, BNF is dependent on genetics and envi-
ronmental factors, and the evaluation of traits related to it 
is laborious; therefore, selection assisted by molecular 
markers may be an approach worthy of consideration for 
improvement of BNF in breeding programs. We reported 
here four genomic regions associated with BNF; two of 
them, B1 and L, have been described in other mapping 
populations and can be useful in marker-assisted selec-
tion. Subsequent efforts to saturate the genetic map may 
allow the identifi cation of other QTLs controlling BNF. 
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